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Abstract

Background: Human performance in classical ballet is a research field of growing interest in the past decades. Tech-
nology used to acquire data in human movement sciences has evolved, and is specifically being applied to evaluate
ballet movements to better understand dancers' profiles. We aimed to systematically review sensing technologies that
were used to extract data from dancers, in order to improve knowledge regarding the performance of ballet move-
ments through quantification.

Methods: PubMed, MEDLINE, EMBASE, and Web of Science databases were accessed through 2020. All studies that
used motor control tools to evaluate classical ballet movements, and possible comparisons to other types of dance
and sports movements were selected. Pertinent data were filled into a customized table, and risk of bias was carefully
analyzed.

Results: Eighty studies were included. The majority were regarding classical ballet and with pre-professional dancers.
Forty-four studies (55%) used two or more types of technology to collect data, showing that motion capture tech-
nique, force plates, electromyography, and inertial sensors are the most frequent ways to evaluate ballet movements.

Discussion: Research to evaluate ballet movements varies greatly considering study design and specific intervention
characteristics. Combining two or more types of technology may increase data reliability and optimize the charac-
terization of ballet movements. A lack of studies addressing muscle—brain interaction in dancers were observed, and
given the potential of novel insights, further studies in this field are warranted. Finally, using quantitative tools opens

the perspective of defining what is considered an elite dancer.
Keywords: Sensing technology, Motor behavior, Human performance, Ballet, Dance

Background

Motor behavior in dance has been a field of growing
interest in the past decades. In particular, since the early
1960s, literature shows research approaches regarding
movement performance of the human body from the
dance perspective [1].

In 2009, a literature review was published regard-
ing biomechanics measurement tools used in dance [2].
The authors reviewed and analyzed studies concerning
selected ballet movements, measurement tools, research
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design, participants’ characteristics, and type of study. In
the meantime, the number of studies in the past ten years
has substantially increased, not only considering the
increased demand for dance research, but especially due
to the evolution of digital technologies that have allowed
researchers to collect exponentially more data with
unprecedented accuracy. Thus, the present systematic
review aims to update the literature with all the findings
made throughout the years regarding studies in motor
behavior in ballet, especially focusing on the digital sens-
ing technologies used. This systematic review offers then
not only an updated description concerning measure-
ment tools and data collection in dance, but also the bal-
let movements of interest and trends of study, identifying
future potential avenues for research.
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For additional context, several literatures and system-
atic reviews have been published in the past decade on
the topic of classical ballet, but mostly addressing issues
such as injuries and rehabilitation processes [3—6], find-
ing and compiling techniques that may help dancers to
prevent injuries or to recover from them. However, four
systematic reviews were found regarding motor behav-
ior and biomechanics analysis associated with dance [2,
7-9]. By studying isolated parts of the body or analyz-
ing a specific movement, researchers reviewed studies
in order to understand what has been explored in the
dance field and what is still to be discovered. Herein, the
present systematic review aims instead to explore which
digital sensing technologies have been used to capture
data specifically from ballet movements. Finally, ballet
research has also captured the interest of neuroscientists,
aiming to understand the brain mechanisms involved in
dance, as well as the mechanisms that could possibly dif-
ferentiate elite dancers from novices, through systematic
reviews that analyzed mental imagery and cortical activ-
ity during imagery tasks [10-12]. In the present review
only those digital technologies addressing these latter
topics were the object of our research.

Methods

This systematic review conforms to the Preferred Report-
ing Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement [13] and has been registered in the
International Prospective Register of Systematic Reviews
(PROSPERO, protocol no. CRD42020206680) [14].

Four database search engines (PubMed, MEDLINE,
EMBASE, and Web of Science) were used to identify
eligible scientific articles regarding human performance
and motor behavior in ballet and dance (i.e., contempo-
rary dance and modern dance), sensing technology, and
instruments and tools for data capture in dance. The
search encompassed literature published until Decem-
ber 2020, with headings and keywords related to motor
behavior in ballet ((classical ballet OR dancing OR elite
dancers) AND (randomized controlled trials OR RCT
OR quasi-RCT); (classical ballet OR classical dancing OR
classical dance OR ballet OR elite dancers) AND (bio-
mechanics OR biomechanical tools OR biomechanics
instruments OR biomechanics analysis); (ballet move-
ments OR ballet positions OR dance movements OR elite
dancers) AND (measurement tools OR sensing technol-
ogy OR motor behavior OR human performance); (EMG
OR sEMG OR electromyography OR surface electro-
myography OR muscle activity) AND (classical ballet
OR classical dance OR classical dancing OR ballet move-
ment OR dance movement OR elite dancers); (GRF OR
ground force reaction OR kinetic analysis) AND (clas-
sical ballet OR classical dance OR classical dancing OR
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ballet movement OR dance movement OR elite dancers);
(motion capture OR kinematic analysis OR motion analy-
sis) AND (classical ballet OR classical dance OR classi-
cal dancing OR ballet movement OR dance movement
OR elite dancers); (accelerometer OR inertial sensor OR
inertial sensors) AND (classical ballet OR classical dance
OR classical dancing OR ballet movement OR dance
movement OR elite dancers); (EEG OR electroencepha-
lography) AND (classical ballet OR classical dance OR
classical dancing OR ballet movement OR dance move-
ment OR elite dancers)), and disregarding articles related
to injury evaluation, rehabilitation purposes, and neuro-
logical disorders.

Inclusion and Exclusion Criteria

Inclusion criteria were defined by type of dance, partici-
pants, and research tools. Studies that evaluated classi-
cal ballet movements and possible comparisons to other
types of dance and sports were included. Participants
of those studies were regarded as classical, modern, and
contemporary dancers. Articles involving tools such as
3D cameras, motion capture, laser sensors, video analy-
sis, cinematography analysis, inverse dynamic analy-
sis, image reconstruction, force plates, seesaw plates,
dynamometers, accelerometers, inertial sensors, and sur-
face EMG (sEMG) were included in our search. We con-
sidered studies without language restrictions; however,
all the selected articles were published in English.

As exclusion criteria, articles containing only abstract,
conference proceedings, systematic reviews, and other
types of literature review and studies conducted involv-
ing older adults and with purposes of rehabilitation
treatment were excluded. Articles involving manual
measurement through analog tools (i.e., goniometers
and/or measurement tapes), magnetic resonance imaging
(MRI), X-rays, and ultrasound as isolated techniques of
analysis were also excluded.

Data Management

One of the authors screened the titles and abstracts of all
identified studies according to the selection criteria. Full
texts were then retrieved. Two other authors indepen-
dently extracted the data and reached consensus, filling
a designed table to extract pertinent data. The ROBINS
scale [15] was applied to analyze risk of bias, because
most of the retrieved articles were non-randomized con-
trolled trials (RCT). For the RCT studies, risk of bias was
analyzed through the Cochrane Collaboration’s tool [16].

Results

Literature Search

The database search process retrieved 2632 potentially
relevant articles. References of the included articles were
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then scanned to ensure that relevant literature was not
excluded from the review, and 12 additional records were
identified. After duplicates were removed, the number of
articles decreased to 1619. Articles were screened first by
title and abstract for relevance to ballet, motor control
sensing technology tools, and finally by full text (r=116
full texts were assessed for eligibility) using the inclusion
and exclusion criteria. After the evaluation process, 80
studies met the inclusion criteria. Articles were not lim-
ited by year of publication; however, the earliest article
found regarding our search terms was published in 1993.
We included articles published throughout the years until
December 2020 (Fig. 1).

Quality Index

Regarding the 80 studies included in the present sys-
tematic review, only 3 studies were RCTs, and their risk
of bias was analyzed through the Cochrane Collabora-
tion’s tool for assessing risk of bias [16—18]. The 3 stud-
ies showed the same outcome, as high risk in 4 out of
the 7 analyzed variables as described “random sequence
generation’, “allocation concealment”; “blinding of par-
ticipants and personnel”; “blinding of outcome assess-
ment’, and low risk for the variables “incomplete outcome

Additional records identified
through other sources (n=12)

Records identified through
database searching (n=2632)

! }

Records after duplicates removed
(n=1619)

[ Screening ] [Identiﬁcation]

Records excluded

Records screening (n=1619) (——>» (n=1503)

l

Full-text assessed for
eligibility (n=116)

Full-text articles
excluded with
reasons n=36

n=1 no full text
l available
n=5 rehabilitation
purposes
n=11 injury
evaluation
n=19 analyzed
dancers but not dance
movements

Studies included in systematic|
review (n=80)

[ Included ] [ Eligibility ]

Fig. 1 Diagram of information through the different phases in the
systematic review
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data”; “selective reporting’, and “other sources of bias”
The remaining 77 studies were then analyzed through the
ROBINS scale [15], and the obtained scores were 3 stud-
ies presenting low risk of bias, 37 studies low to moder-
ate, 21 studies moderate, 8 studies moderate to serious,
and 8 studies presenting serious risk of bias. Please see
Table 1 for a detailed description.

The USA was observed to be the leading country of
publications (26 articles), followed by France (11 articles),
Australia (10 articles), Japan (8 articles), Taiwan (7 arti-
cles), UK (5 articles), Brazil, and Poland with 3 articles
each country, Switzerland (2 articles), Colombia, Can-
ada, Spain, Czech Republic, and Israel with 1 article per
country.

Ballet research has increased in the past decade (Fig. 2).
Between the years of 1993 and 2004, there were six pub-
lications regarding motor behavior in ballet, although
numerous articles were found associating ballet to injury
and rehabilitation processes.

Category of Dance and Level of Expertise

Regarding the 80 articles included in the present system-
atic review, 60 studies have analyzed participants specifi-
cally from classical ballet; 14 have combined participants
from classical ballet and modern dance; and 6 studies
have analyzed participants from contemporary dance.

Thirty-nine studies analyzed and described ballet
movements, without running any sort of comparisons
between groups of participants regarding experimental
conditions. These studies were divided as: (i) 25 stud-
ies with participants from classical ballet; (ii) 9 studies
with participants from modern dance; and (iii) 5 studies
with participants from contemporary dance. Concern-
ing the participants’ level of expertise, 11 out of the 39
studies recruited elite dancers as participants, 22 studies
recruited pre-professionals, and 4 had elite dancers and
pre-professionals within the same study (but without
comparisons between levels of expertise). Two studies
did not mention the level of expertise.

Forty-one studies have compared groups of the
experimental design, with 14 studies comparing danc-
ers to non-dancers (10 studies compared elite dancers
to non-dancers), 5 compared elite to novices, 3 stud-
ies compared elite to pre-professionals to novices, and
1 study compared elite to pre-professionals. Six stud-
ies compared males to females. Four studies compared
injured dancers to non-injured (one study did not men-
tion the level of expertise but also compared injured
to non-injured). According to the category of dance,
2 studies compared classical ballet to modern dance.
Regarding practice conditions, 3 studies compared dif-
ferent types of shoes and 2 studies compared the con-
dition of barefoot to wearing shoes. The remaining



Page 4 of 17

(2022) 8:39

Quadrado et al. Sports Medicine - Open

°1eIopOoWl 01 MOT

SNOlISS

91RISPON

o2leJopowl 01 MO

SNOLISS O] 91eISPON

91eJopOouWl 01 MO

°1RJ9POW 01 MO

°1RJ9pPOW 01 MO

212J9POW 01 MO

218J9POW 01 MO

°21eJopPOW 01 MO

91eJopOWl 01 MO

SloduUepP-UOU SNSIoA 91|54

nouiny diy 4assa)
snsioA INouIN: diy J31e3in

(Buuteny
Je|nbHaJ) S19dUBP SNSIDA
(Bululen-enxa) sisdueq

EIEIETR SEVNETE

paInful-uou SNsIaA painful
/ UI3POW SNSI9A 19| |eg

9A9| sdwial g 1eyd ap Ines

PuUo|jeg
19 90e[211U7 ‘913[-puein)

Kems [eIn1sod

[eld1e[iun 13 [eJ31e|Iq PINeS
GdD ‘LdD Ul 91/d-puein

| dD Ul snbjea

xnjley yum sijd-iwaq

901 1dD

919[-pueln

955UD WO 18YD 3P INeS

LdD Ul spInes g 919[-puein
dD Ul ananouid sioyap u3j

9dd
"LdD Ul 3Ines g 31jd-wa

saie|d
92104 ‘ainded uonoy

sore|d
92104 ‘24n1ded uono

sa1e|d 92104

SIOSUSS [Bl1Jau|
‘sa1e|d 92104 !s|sAjeue 0apIA

21n1ded uonow
21n1ded uonow

g4 'vL

‘SYOW ‘SYDT WA A4

1AV W3S 49 '4vS ‘WO vy
'3 :ONT ‘aunided uono

1919WOWRUAD
J8Uos| ‘2nided uonopw

so1e|d 92104 ‘aun1ded uonow

sa1e|d 92104
2Jn1ded uonow

(631 1461) TAOWA DONT
'1912WOWeRUAP d11aUINOS|

13]leq [e21sse)D

oouep
UISpOW pue 13jeq [e21sseD

13]|eq [edIsseD

2ouep
UISPOW pue 13|eq [edISseD)
aouep
UISPOW pue 13|eq [edISseD

19]jeq [edisse|)

13]leq [e21sseD

aouep Alejodwaiuo)

19]jeq [edIsse)

13]leq [e21sseD
13Ifeq [ed1sse)d

2ouep
UISPOW pue 13|jeq [edIsseD

SlewaS
0SF6eL buen o

SIBSA !/ T TF £ 0T 20V P13
Sajewa pue

S9N 6 1se9| 1y bululely

JO SIP9A 19’87 30y 2113
S9PWa4 pue SN

801 € :M/H 01 Ises| 1Y
:Bulurel] JO SIeIA O F €T
W 8EF9GT 490y 21g
Slewa

815e9| 1Y ‘M/H T L F 961
:9by ‘|euoissajoid-aig
S9eUID4 PUE SR

G0 :9by ‘Jeuoissajoid-aid
Sjewa 0| :bululesy Jo siesy
‘0z :9by ‘|euoissajoid-aid
SjeWd4 G0 F 9'G—I9559]
'S’ F | 'p—I91eal9) :Bujulel)
JOSIBSA !/ OF L'G1—195597
[l F6El—IeaD

9Py ‘|euoissajoid-aig
Slewsa
STLFCLMWHESTF6
:Bulules Jo sIeaA T F 61
9Py ‘|Jeuoissajoid-aig
dlewa

88 F £0'L¢ :buluten) jo
SIBOA '66'€ F ¥0'£T 9BV 2M|3
S9jewa

puessleN ¥y F ' LC—IN
‘[P FEc—d 90y Bu3
pue [euolssajold-ald
3ewa4 Qg :bujulesy jo sieak
'9)1|3 pue |euoissajoid-aid
dlewaA

06F VoL MWHYLFE

0z :9by ‘|euoissajoid-ald

[0€] e 19 A1iad

[6¢] e 13 emIOD

[87] |8 18 eanuer

[£2) e 3o ApusH

[97] [e 19 []PMUaaID

[SZ] e 1= =S

[47] fe 12 eAIOD

(€] ‘|e1e jedoys

[77] e 39 sinser

[17] |[oMOd puUe SUImUIY

[0c] nX pue no

(6111232 Leybrem

seiq Jo sty

sdnoib
us3m1aq uosiiedwod

jusWIAAOW 33 |eg

ABojouyda) buisuas

axuep jo A1obare)

syuedpiied

LEREYETEN]

MB3IAI SIYL Ul papN|DUl S3IPN1S 9yl WOJ) Paulelgo SeIg JO 3Sii pue TusWsAoW JO Klobaied ‘mw_@o_ocr_uww @C_mcmm ‘solsliL10eiRYD mwcma_u_tmg L 9|qelL



Page 5 of 17

(2022) 8:39

Quadrado et al. Sports Medicine - Open

91eISPON

91eJopOoWl 01 MO

MO

91RISPON

°1RJ9POW 01 MO

921eJopOouWl 01 MO

s19oUep }Npe yim BUunoA

S190Uep 9DIAON SNSIoA 911|5

9DIA0U SNSISA

LdD ur 91d-puei

4D Ul ananoud sioysp uj

1URASD NPULS] WO SNSSap

9|quuasse R 91a(-puelny
anbsagele
onbid o1 g1d-jwap yum

2J31I3p pald-ap-noD
74D ul anbsageie
anbid 19 7dD Ul 9A3|RY

ldD
Ul 2INes 19 [ 4D Jo Inouin|

S21e|d 92104

sare|d
92104 ‘24n1ded uono

sa1e|d 92104 ‘SisAjeue 0apIA

IA0S

‘SYOT'SYOW DT ‘seie|d
92104 ‘21n1ded uonow

(62

13)) SYOW VL :OWF ‘'sa1e(d
22104 ‘21n1ded uonop

21nded uonow

SI0SUDS [e[1Iau| ‘sare|d

19]eq [e2155€1D

19][eq [edisse)

13]leq [e21sseD

19||eq |esisse|)

13]leq [e21sseD

2ouep
UISPOW pue 13|eq [eDISSeD

S9|eUIS4 pUe SR
1901 FYgec—UnpY
‘678 F Y 7L —BuUnoA

‘M/H ‘¥ 1589] 1e :Bbululely jo
SIBRA90'G F ' ZC—UNPY
'S6'L F9TL—DHBunog

9Py ‘|Jeuoissajoid-aig
So|eWdo

pue saje ‘g'6L—IN 7 1—4
:Bulures) Jo sIeaA ‘€' 87—IN
'Se61— @by B3
Slewd 61’/ F0SL
M/HLETFS8TL Buluen
JO SIBSA L F 8T 61 20V B3
SlFSec—=UA

'/'0F £'91—S9INON

9BV !S901A0N puE 3313
SewaS

‘01 Ise3] 1y :Bululel) JO
SIBSATCF C'Ce =by PR3
dlewa
‘88FG6LMHIOEFITL
:Bululel] JO SIBIA D | F 88
2By ‘|euoissajold-aid
S3lewa4 pue saejyl
VCFCLATYVLFVE
‘leuolssajoid-ald 60F €1
:S9IAON :Bulules Jo sieak
'9°€ F 1°0¢ 9Dy ‘S9DINON pue

[6€] ‘|e 32 [93uhnig

[g€] oul| pue einw|

[£€] e 33 UOSIaYdOW

[9¢] |e1a RIIN

[G€] "[e 13 ounby

(€] e 19 Ja11eD

SNouas  [euolssajoid-aid snsian 2113 919(-pueiD 3210} '21nded> uopoy 19||eq [e21IsseD |euolissajold-aid pue 2113 [€€] e 19 0duRlg
SOIUIBUAD dewsq | F9|
MO - $dD urananoid sioysp uj 9SI3AU| ‘SISA|euR O3PIA 19||eq [e21IsseD :2by ‘|euoissajoid-aid [cel no
9|eula ‘padueApe
10} Y € 15e3)| 1B 's91A0U
10}y €-G'| :M/H 'Sieak 9
15e3| 18 PIJUBAPE JOJ pUe
SI1B3K G—7 'S9DIA0U 04 DUl
soye|d -UlRI} JO SIBRA € FQ /L
SNOLIAS 01 21RISPOIN 9DIAON SNSISA T dD Ul a3anouid sioyap ug 92104 ‘21mded uonopy 139||eq |e2Isse|D 9By 'S90IAON pue 2113 [LE] eI un
sdnoib
selq Jo sty udam1aq uosuedwo) JUSWIAOW 13|eg ABojouyda) buisuas uep jo Kiobaje) syuedpnied S9DUIDYDY

(panunuod) L ajqey



Page 6 of 17

(2022) 8:39

Quadrado et al. Sports Medicine - Open

SNOLISS O 91RISPON

91eJopPOWl 01 MO

o2leJopowl 01 MO

91eISPON

91RISPON

91RISPON

91eJopOoWl 01 MO

oW SNSIoA 9B N

o|eWo4 SNSI9A 9N

npuoj pue paid

-9p-pNod Ul ABMS [RINISOd
seq-seiq g 9buojje
9pUOD3S WP ‘Seg-SeIq 15|
'pIsIaNI PIE ‘PIE ‘PUT 15|
'seq-seq Ul seiq op 1od

1dD JO Inouin|

NpuOoj BUUOSSIS 13 BujjaARI}
2UUO||eq ‘a2e|d US SUUO|E]
'9A3[21 19 D[ YIIM NpUO)
Juswaeq ‘9ljd-1waQ

Ldoul
21nes 1§ 9A3j2) ‘DId-lwag

1eyd ap Ines

9dD 'LdD ul 91nes

SIOsuUos |elliau|

SIOsuos |elliau|

21n1ded uonow

21n1ded uonow

$10SUS
[e11I2U| ‘sISA|eur OapIA
sared
92104 ‘24n1ded uonop
sared
92104 ‘24n1ded uonopy

19][eq [edIsse)

13|eq [edIsseD

ouep
UISPOW pue 13|eq [edISse|D)

19]eq [e2155€1D

19]jeq [edisse)

19][eq [edissed

19||eq |eaisse|)

So|eWlo
pue safe Tk L F06'SLI—IN
‘6L FL991—4 30y D13

S9euwa

pue ssjeN ‘60 CF LL6L
:9by {|euoissajoid-aid
SleWa4 ST F /1| buluen
JO SIeRA 'Sl F €07 9By
9113 pue [euolssajold-ald
S9jewa

pue sajeIA ‘G 15| 1e :bul
-Ulel] JO SIBSA €L F 61
9Py ‘|Jeuoissajoid-aig
S9PWSS pue S3|BIA
CEFSEL—NLYF TS
:Bulules] JO SIBSA 'S L F 761
:9by ‘[euoissajoid-aid
SlewaS ‘6% F8'0¢ bululen
JO sIeaA ‘e F £ @by B3

olewaS 'L Fog by B3
dlews4 9/ ‘M/H ‘891

[¢S] |e 19 BiaquiLis

[19]
320IqUBN3IA pUe UMOIg

[0G] e 18 322quenp

[6%7] ‘e 39 4oddoH

(8] '[e 39 SIMST-UOIUIH
[£+] Biny pue sialer

[9%] oul| pue einwi|

sI19dUep SYOW :Bululel] JO SIBIA D | F€0C

91eI3POW 01 MO -UoU SNSIaA s1edue( 9dD Ul 9A3[3 105 DT ‘sa1ejd 92104 139||eq [e2ISSe|D :9by ‘[euoissajoid-aid [S¥] ‘e 19 O1leS
Sajewa pue

21eI2PON SI9DUBP-UOU SNSISA 3)|  9ssed 211324 19 Aems [eINISOd sare|d a2Jo4 19||eq [BDISSeD SR ‘801 F+'87 9PV P13 [#7] '|e 19 O]9\ 9P BISOD
(Y SRWR I'EF L LL
-1u10d-x3|}) 1ueASp 9bebap 2ouep  :Bululel] JO SIBIA SO F88L

91RI2PON - "1dD Ul aA919 3 d1jd-1wag 2/n1ded UONOo  UISPOW pue 13|[eq [BISSe|D 220V ‘[euolssajold-ald [€4] "|e 19 4a1eD)
Slewa
L6F66LMHEEFLTL
LD ul aouep  :Bulules JO SIBIAG L F 161

21eISPON - S91NeS 19 | 4D JO Inouin| 2in1ded UONOo  UISPOW pue 13|[eq [BISSe|D 2By ‘[euolssajold-ald [z¥] e 10 JouieD
3lewa4 /| Jo abesane
Ssladuep ue YuM G 1ses| 1e :butulely

EEIETole]I] -UOU SNSJ9A SIadueq KeMS [ein1sod sa1e|d 92104 19]|eq [2ISSEeD JO SIeaA !/ F8z:abY D3 (1] e 12 eys|eydIN
ElVEE R NeE]]
S90ys 1ujod mau 1B :M/H € 15ea 1e :bujulesn

3s1y YbIH 1Dy SNSIDA $90Ys 21ulod uIopp saunog  sa1e|d 92104 'siskjeue 0apIA 13||eq |e2Isse|D JO SIedA 'y F 9t :9by 213 [ov] e 12 appoig

sdnoib
selq Jo sty udaMm13q uosuedwo) JUBWIAOW 13||eg ABojouyda) buisuas uep jo K1obaje) syuedpiied S9DUIDYDY

(panunuod) L ajqey



Page 7 of 17

(2022) 8:39

Quadrado et al. Sports Medicine - Open

21eJopPOoWl 01 MO

91eI9PON

91eJopOoWl 01 MO

°1eIopOoWl 01 MO

°1eJopOoWl 01 MO

91RISPON

SNOLISS 0] 21eISPO|N

So0ys NNm,ﬁ SNSI9A 100)aieg

©DIAON SNSIoA 21113

siaduep
-UOU SNSIaA s1adue(

[euolssajold-aid snsian 9113

7dD U1 gnes

SdD Ul pssed 91nay

EAE|

PAS9 7 9dD 0} LdD

1dD01ZdD
01 | 4D wolj gines pddeydy

ldD

ul 91jd-puedd 18 a1jd-lwag

LdD Ul 9A9]9 Inoylim pue
yum anbsagese addojarsg

soie|d
92104 ‘21n1ded uonow

soye|d
32104 ‘a1n1ded uonow

sa1e|d 9210 ‘sisAjeue 0apiA

gH4 1d3 'VL'914 10S 'SYO1
'SYO NS 49 A 'UVS Y
‘WD ‘DN ‘sisAjeue 03pIA

21nded uonop

ain1ded UONOW

21n1ded uonow

19||eq |es1sse|)

13]leq [e21sseD

19||eq |esisse|)

13]leq [e21sseD

13]leq [e21sseD

19]jeq [edIsse)

13|jeq [21sse)

9leWo4 '6'SF ST

:9by ‘[euoissajoid-aid
Slewa

'y € 15e3] }Ie—padURAPY
' €-G'1—S3DINON ‘M/H
‘LI F EE—90INO0N

'6'7 F 9'8—paousliadxy
'/l F8'6—odualadxd
Jouadns :butures jo
SIBSA Q" F £'CL—o2INON
'L'SFE8l—padusl
-adx3!| Frgl—adud
-l2dxa Jopadng :2by
'SDINON pue 31[3

dewad gy F S L L Bul
-Ule13 JO SIBSA 89V F 8£°7C
:2by ‘[euoissajoid-aid
SeWo4 9 C F ¥l
:Bululel] JO SIBIA G F | 4T
9Py ‘|euoissajoid-aig
Sjewa4 G ises| 1e :bujuien
JO SIBSA'E6'C F 680 9BV
(sinoy ou) s2am Jad sasse|d
CF v MH8F 8L bul
-UlBJ1 JO SIedA ‘8 F /7 :9by
Sojewa pue

S9IBIN {S 'S F G S—JeUOIS
-59J01d-91d ‘899 F ¢T'SL
—>a)[7 :bululel} JO SIeap
'S'L F ' 0¢—|euolssajoud
-214 ‘97 F§'G¢—=aM(3 =20y
9113 pue |euolssajoid-ald
olewa4 0|

[29] e 19 uex buod

(19112 U

(09] '@ 12 aqeue]

6] [e 12 aqeue]

[85] ‘e 19 AsuseH

[£S] "|e 19 ofnuoo

[96] uaddiys pue Jauuoig

LdDul saled 2ouep  1sed| 1y :bujulel) JO sIesA lse

21eI3PON S19DURP-UOU SNSIDA 9)1|F  1eyD 9P INeS 1 91NES '9A3|9Y 92104 ‘21n1ded UoNOW  UISPOW pue 19|[eq [eDISSe|D  pue 8| udamiag :aby @13 [5S] Biny} pue siater
dnoib dlewsa
|OJIUOD Se ¥Se) DlBawWyle sared /Y9F €961 :Buluen jo

As1y UBIH 1Dy [BIUSIA SNSIDA M pUe |A LdD ur Ines g 1jd-1waQ 92104 ‘21nded uolop 13]|eq [B2ISSeD  SIBIA'6T'S F ¥0'9T 20V B3 [7G] 8319 490D
S9leula pue
9B ¥ Ly F 87 :buluen

SnNouas - /93 21nded uonopy aouep Alejodwaluo)  JO SiesA (/8 | F L€ 2By B3 [€G] e 18 weyeiqy

sdnoib
selq Jo sty udam1aq uosuedwo) JUSWIAOW 13|eg ABojouyda) buisuas uep jo Kiobaje) syuedpnied S9DUIDYDY

(panunuod) L ajqey



Page 8 of 17

(2022) 8:39

Quadrado et al. Sports Medicine - Open

21eI9PO

91eJopOoWl 01 MO

91RISPON

°1eIopPOoW 01 MO

1S4 YBIH 1Dy

21eJopOouWl 01 MO

o21eJopOouWl 01 MO

S90Ys
JUSIRYIP UM SIaduUe(

painful-uou snsiaA painful

100J21eq] SNSIAA SA0YS 13]|eg

$190UBP-UOU SNSISA 1[5

9ouanbas Alejodwauod)

1D Ul 2u0d-1waq

GdD Ul 99Wla) 9UUOSSIS

puodas e| e
19 2I211I3P TUBASP SPNINY

913l-puein
/32 18 9l|d-lwaQ

99youad anbsageie
‘JUPUINO) U J91LIe U
9|0A 9511q ‘SIOYyap Ua INO|

so1ed
92104 ‘ainide> uonow

sa1e|d 92104

(63] 1ueUILIOP)
49'QV “IA WA (03] yoq)
SYOW VL ‘al4 DT ‘sa1eid

92104 ‘a1n1ded uonow

sare|d 92104
SIOSUSS [erlau|

so1e|d 92104

21n1ded uonop

2ouep Atejodwiaiuod)

19]jeq [edisse))

19]jeq [edisse)d

19|[eq [€DISSE|D
aouep Alejodwaiuo)

13|jeq [e21sse)

2ouep Atejodwiaiuod)

S[ewa4
'€ :9by ‘Jeuoissajoid-aig
3jewa4 'saoys

a1ujod ul z 1ses| 1y :bul
-UlRI JO SIBSA 190 L F €961
:9by ‘Jeuoissajoid-aid

9lewa4 i/ 1sed) 1e :buluren
JO SIeSA LY T F €£61 90y
9lewa / 1ses| 1e

:Bululel] JO SIBIA BT F 81

9Py ‘|Jeuoissajoid-aig

9w ¥/ L FOC

9Py ‘|Jeuoissajoid-aig
S9|BUID PUR SR

'66'€ F65¢C by 113
S9BUID PUR SI[BIN

'G 15e3| 1B :DbUlUIRI] JO SIBAA
66FLE—W'LTLF8T—
2By ‘|euoissajold-ald

S w4

'y € 1583] Je-pAdURAPY

'Y €-G'L—S9DIAON M/H
‘€'€ F69'3—a0URADY
'69'L FECE—SD!

-AON :Bululel JO s1eap
‘6EE€TF LL L 1—pa0ueApY
'16'L FTL—S32INON

[0/] e 13 uaddiys

[69] JaeUYM PUe UoSIead

[89] ‘|e19 997

[£9] e 19 €1SOD BP 0G0
[£1] 718 33 UoAm

EEIREREREIEIN

[69] ‘[e 12 syuaLo|

SNOLIAS 01 91RISPOIN 9DIAON SNSIDA T dD Ul aanouid sioyap ug aJn1ded uonow 19||eq |e2IsseD 9By !S921AON pue 2113 [t9] e 12 U
3ewa4 G ises| 1e :bujuen
JO SIBRAQTF £/ L —pain(ul
VL 'SYOW ‘al4 :DINg 'sareid -uou ‘zF6L—painlu
SNOIISS O 21RISPOIN UU\_SE_.COC SNSISA _uw:\ﬂf_ LdD ul w__QuﬂcmLO 92104 U:\:»Qmu UONOW 19||eq [edIsse|D) H®®< u_mco_wmmu_o_aqu& ﬁmg ‘e 19 Ul
sdnoib
selq Jo sty udaMm13q uosuedwo) JUBWIAOW 13||eg ABojouyda) buisuas uep jo K1obaje) syuedpiied S9DUIDYDY

(panunuod) L ajqey



Page 9 of 17

(2022) 8:39

Quadrado et al. Sports Medicine - Open

SNOlIsS -

91eJopOoWl 01 MO -

91eJopOowl 01 MO -
91eJopOoWl 01 MO -

91eJopOoWl 01 MO -

sa0ys

91eJopOW 01 MO 91UI0d SNSI9A SO0y 1e|4

Sloouep-uoU SNSISA

91eJopPOW 01 MO Uw_j,:\__\coc SNSIoA Uw:\éc_

921eJopOouWl 01 MO -

SODIAOU SNSISA
SNOLISS 0} 21RISPON  [BUOIsS401d-21d SNSIA 313

SODIAON SNSISA

1eyd ap Ines

ldD

Ul puOD3s | B 19 U1IISP
‘JUBASP JUSWS11E] puURID)
LdD ul 2anes

91al-puein

el-puein

GdD Ul 2|quiessy

SdD pue |dD

o1d

puelb 53 [eia1e| 11ed9 puelb
‘|edey 14ed9 pueIb ‘opuodSs
e| e 9ddojangp ‘1ueAIp
oddojangp ‘anbsagely

L dD Ul JUaWaNeq puein

LdD

soie|d
92104 ‘21n1ded uonow

2inded uonoy

sa3e|d 22104 siskjeue 03pIA

sa1e|d 92104 siskjeue 03pIA

2Jn1ded uonow

so1e|d 92104

soye|d
92104 ‘a1n1ded uonow

21n1ded uonop

sared
92104 ‘2in1ded uonow

13|eq [edIsseD

2ouep Alejodwaiuod)

13]jeq [ed1558)D
13]jeq (21558

19][eq [edissed

19]jeq [edIsse)

19]jeq [edisse)

2ouep

UISPOW pue 13|eq [edIsseD

aouep
UISPOW pue 13|[eq [edIsseD

Solewaq pue ssjle (1’5 +6'8
:Bulurel] Jo sIeap 7 L F 681
:9by {|euoissajoid-aig
Sojeuwa

pue sale (05 F /01 Ul
-UleJ1 JO SIESA 9% Z F9/°0C
:9by {|euoissajoid-aig
Slewa4 G 1se3| 18 :bUl

-Ules} JO SIesA €9 F 2/
9Py ‘|euoissajoid-aig
S[eWs4 90 C F LE'LC

:9by ‘[euoissajoid-aid
S[eWe4 ‘€9 CF /LT

:9by ‘{|euolssajoid-aid
S[eWs] ‘I8 F /67T
M/HT6TF L1 Buluen
JOSIESA QL' L F 661

:9by ‘|euoissajoid-aid
Slewa {/ 1ses| 1e :bujuely
JO s1esp ! 'e Fggl—painul
-UON "¢ F £'6L—Ppainlu
220V ‘[euolssajold-ald

dlewa
{71 1ses 18 :M/H (0| 1sed|1e
:Bululell JO SIBAA (9€°GT Dby
91113 pue |euolssajold-ald

S w4

‘el F6'€l Buuen Jo siesp
‘€1 FO0€ 2Dy 's9d1n0N pue
|euolssajold-aid pue 213
S9jeWa4 pue

S9N ‘9L F L'9—3DINON
"L F L L LI——=1eIpaudisiy]
'6'L FE€l—an3:buluen
JO SIESA GO F 861 —aD!
-AON 'SOF96l—31e
-IpswlisIU] ‘L F6yc—=113
9By !S901A0N pue

ANERERDY

[8/] wnizjolo pue sauuoIg

[£4) 1o 13 AauydeH
[9£] 1213 AauxeH

[9/] 1213 AsuxpeH

IVANRERENEAV

iZANLREAY

[€/] e 12 Jaiuuogieyd

[2/] ] 18 mousery

91BI9PO  [BUOISSDJ0Id-21d SNSI9A 313 ul anbsagese addojprsg 2in1ded UoNO 19]/eq [DISSED |euolssajoid-aid pue au3 [1/] J2uuoig
sdnoib
selq Jo sty udam1aq uosuedwo) JUSWIAOW 13|eg ABojouyda) buisuas uep jo Kiobaje) syuedpnied S9DUIDYDY

(panunuod) L ajqey



Page 10 of 17

(2022) 8:39

Quadrado et al. Sports Medicine - Open

SNoLIRS

Snouss

MO

MO

SNOLI9S 01 91RISPON

21eJopOouwl 01 MO

91eJopOoWl 01 MO

91RISPON

91RI2PO

21LJ3POW 0} MO
212IOPO
218J5POW 01 MO

91eJopOoWl 01 MO

21eJopOoWl 01 MO

Sloouep-UOU SNSIoA 91l|3

SI9duUep-uUouU SNSIsA 9119

SloouepP-UOU SNSIoA 9|5

o|eWo4 SNSI9A 9[RIN

Sleduep
-UOuU SNsSIaA siadueq

$190UBP-UOU SNSIDA 1|3

SI9dUBP-UOU SNSISA 9113

Kems |ein1sod

Kems |einisod

aquiel ap puoy

LdD Ul 9A9[9Y

LdD Ul 9ssed 2119y

919[ JUswianeg
¥dD Ul 9llenolld
LdD Ul 9ines R aljd-1wiaQ

LdD Ul PInes

SUIN 9113N04
dD Ul ananoug
dD Ul anenoild

Suinl 9119N04

63| 2UO Ul Aems [RINISOd

SI0SUDS
[eidau] ‘wioped mesaag

SIeHIEN
[e1aU| ‘wiojie|d MesaaS

21n1ded Uonow

sae|d
92104 ‘ain1ded uonow

2inded> uonoy

10S

'SYOT1IA 94 49 d Vo ‘WD
'S3 D7 ‘2inided uonow
21n1ded uonow

SI0SUSS
[B1J2U] 10S 'YL 98 “TADN3
sa1e|d 22104

sared
92104 ‘2in1ded uonow

21nded> uonop
2in1ded uonow

sared
92104 ‘2in1ded uonopw

soye|d
92104 ‘Wiojie|d Mesaas

19]jeq [edisse)

13]leq [e21sse)D
13]jeq [21sse)D

13]jeq [21sse)

ouep
UJSpOW pue 19||eq [edIsse|D

aouep
UISPOW pue 13|eq [ed1sseD

19]jeq [edisse)
19]jeq [edisse)

13]leq [e21sseD

19]jeq [ed1sse)d
13]leq [e2IsseD
13]|eq |e2IsseD

13]jeq [edisse)

13|leq [edissed

SOBN 'SEFGBL—SID
-dUBp-UoU ‘77 FQEC—SID
-dueQ by B3

S9jPWa

pue ssje '€ F €H7—IN
NUN9CF 61—
NUN'SLF LP—W

"[9F €€¢—4 by B3
a3

6eF/ELL

:BululeI] JO SIBIA G L FSL61L
:9by ‘|euoissajoid-aig
EEIEVEN

pue ssleN (L€ F Ty L—IN
"L9F Cze—4 Buiuen

JO SIBBA 6V F L'97— W
¥9F £0e—- 90y U3

S9leWd4 pue SRy
21113 pue euoissajold-aid

SleWe4 gL F6l
:9by ‘|euoissajold-aid

3ewd4 ‘6 F L€ :90Y 213
9w ‘[euoIssajold-ald

Slews4 ‘TEF 0L
”mc_EECo SIBSN L L FL/C
220V ‘[euolssajold-ald
Sew4 gL F 961 20y 2|3
dlewad ‘7 F 61 90y 23
9eWS TEF 90T
”mc_EECo SIeQA !/ L F /LT
:2by ‘|euoissajoid-aid
dlewaS

GE :M/H ‘01 1583 1e :Buulen
JO SIBQA 'C’ | F 61 —SIoduUep

-Uou ‘9’| F6|—SI9
-dueq :aby @13

[£6] "o 19 JowiojoD

[z6] Indn@ pue Jawojon

[L6] IynOW pue Jsiiny L

[06] e 3= Ul

[68] 1wniajol0 pue Jauuoig

[88] [e 19 A3|j2da]
[£8] Jowo|0D)
[98] '[e 13 21pUE|IN0D

[58] AeppoyD

[v8] ‘|e 19 eanwy
(€8] ‘|e 19 13W0j0D)
[z8] e 13 ;sWoj0D)

(18] 212 eanwi|

[08] '|e 38 ;3W0[0D)

selq Jo sty

sdnoib
udaMm13q uosuedwo)

jusWaAOW 13||eg

ABojouyda) buisuas

auep jo Kiobaje)

syuedpiied

S9dUJ9)oY

(panunuod) L ajqey



Page 11 of 17

(2022) 8:39

Quadrado et al. Sports Medicine - Open

(9 01 | wouy Buikien) uonisod 1934 19][eq [EIISSED ¢ ‘SIABIQ SIDN|[_Y J0X3Y §H ‘SnBUO] WNIoBIP J0sudlXd g7 ‘snbuoj
sueINqy g/ “1ouS1ue sijelqil i/ ‘Shajos JOS ‘Shiwaud0i1sed [elpaw SOy ‘sniwaud0.iseb [e1a1e| SiH7 ‘snnbijgo sijeipaw snIseA QWA ‘SIjeIpaW SNISBA |4/ ‘Sl|e191e] SNISBA TA ‘SLIOWS) SN1D3J 4y ‘seosd 4 ‘si01onppe gy ‘snbuo)
1012NPpPEe gV ‘SNSOURIGUIBWIWSS /S ‘SNSOUIPUINWIS /IS ‘SIOW) sdadiq 4g ‘SNLIOLIES YIS ‘Snipaw snain|b wo ‘snwixew snain|b o ‘siuiwopage snidal iy ‘eulds 1010319 §3 ‘AydeiboAwo11d3)9 D7 :suoneindiqay

91eJopOW 01 MO

UISPOW SNSIaA 13| jeg

LdD U nd-lwsg

SYOT'SYOW 'WLWA TA‘QY
48 'WO DN ‘sisAjeue 03pIA

UISpOW pue 13jeq [edisse

Slewad I/ Fee

“M/H ‘01 F ¥ :buluten jo
SIeaA ‘6 F €€ :9bYy 2113
9lewWaS G| F G'ZL—Sa0IA0U
$1eqodY ‘I F L'gLl—aMf2
$1eGOIY ‘I'L F6'L L—5

[96] '|e 1o uewdai|

9DIAON SIOSUS -AON‘L'L FZL—23
SNOLSS  SNSIDA SIEQOIDR SNSISA 31[J Kems [eIN1sod [eI1IU| ‘WIojie|d MBSSS  S31RQOIDR PUB 13][B] [BDISSeD 9Dy 'S9DIAON pue 211[3 [S6] '[e 19 JswojoD
S9leN ‘€'l F9'L L—S9DINON
'6'0F L'gL—S1u=ds9|0py
SI0suUSs 'TTFEC—SUNPY
HaleIE'S SDIAON SNSIAA 3|3 Aems [eIN1sod [e1aU| ‘wlojield mesaag :9bY ‘S92IAON pue 211[3 [76] ‘e 19 JswojoD
sdnoib
selq Jo sty udaM13q uosuedwo) JUdWIAOW 13|eg ABojouyda) buisuas uep jo K1obaje) syuedpiied S9DUIDYDY

(Panuiuod) L 3|qel



Quadrado et al. Sports Medicine - Open (2022) 8:39

Page 12 of 17

Number of publications per year

i

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Fig. 2 Yearly publications regarding studies of motor behavior in ballet (1993-2020)

studies compared different groups under different
experimental conditions. Twenty studies analyzed elite
dancers, 19 analyzed pre-professionals, and 7 analyzed
novices, considering that some of the studies combined
different levels of expertise without comparing them,
yet analyzing other variables, such as gender and dif-
ferent tasks. Only 1 study compared elite dancers with
non-dancers and acrobats.

Demographic Information

Three studies did not provide demographic informa-
tion regarding participants’ age, years of practice, and
hours of weekly training. Only 16 studies have provided
all demographic information. Fifty-two out of 80 stud-
ies had only female participants, 22 had both males and
females, 2 had only males, and 4 studies did not men-
tion participants’ sex (Table 1).

Sensing Technology

Forty-four studies used two or more types of technology
to collect data, showing that 26 studies combined kin-
ematic with kinetic analysis, 4 studies combined kine-
matic and kinetic analysis with EMG, 2 studies combined
kinematic and kinetic analysis with inertial sensors, 4
studies combined kinematic analysis with EMG, 2 stud-
ies combined kinetic analysis with EM@G, 5 studies com-
bined kinematic analysis with inertial sensors, and only 1
study combined EMG with inertial sensors. The other 36
studies used only one type of technology to collect data,
showing that 23 studies performed kinematic analysis (all
used motion capture technique), 10 studies performed
kinetic analysis (all used force plates), and 3 studies used
inertial sensors only (Table 1). Overall, 64 studies per-
formed kinematic analysis (49 studies used motion cap-
ture as technique), whereas 45 studies performed kinetic
analysis (42 studies used force plates as technique).
Twelve studies used inertial sensors as technique, and
only 11 studies used EMG.

Classical Ballet Movements Evaluated

In this systematic review, a total of 29 different ballet
movements were analyzed within the selected articles
(Table 1). The ballet movement with the most frequency
of analysis was the sauté (15 studies). The second most
studied movements were the grand-jeté and saut de
chat (12 studies each). Postural sway was analyzed in
9 studies, followed by the movement demi-plié and en
dehors pirouette (8 studies each). Six studies analyzed
the grand-plié movement. Static ballet feet positions
and turnout of the hips were analyzed in 6 studies,
and 7 other studies analyzed the elevé movement. Five
studies analyzed the arabesque movement, and 4 stud-
ies analyzed the relevé movement. Three studies ana-
lyzed the retiré passé movement. Only 1 study analyzed
upper limb ballet movements in a sequence of port de
bras. Seventeen remaining movements were studied
only once or twice, while the full list can be assessed in
Table 1.

Relationship Between Evaluated Ballet Movements

and Sensing Technologies

Only 4 studies analyzed kinematics, kinetics, and EMG
as protocol, and the selected movements were grand-
plié, relevé, sissonne fermée, arabesque, and cou-de-pied
derriére with demi-plié to arabesque.

Electromyography was analyzed in the following
movements: demi-plié (3), grand-plié (1), sauté (2), 6
ballet positions (2), elevé (2), relevé (1), arabesque (2),
sissonne fermée (1), and battement jeté (1).

Research that combined kinematic and kinetic analy-
ses has studied the following ballet movements: postural
sway (5), saut de chat (5), grand-jeté (4), en dehors pir-
ouette (3), sauté (3), relevé (2), fouetté turns (2), entrelacé
(1), ballonné (1), assemblé dessus (1), bourrés (1), demi-
plié (1), retiré passé (1), elevé (1), contemporary sequence
(1), grand battement (1), feet position (1).

Regarding the studies that only used one type of
technology, 23 studies used motion capture systems
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to analyze kinematic variables of ballet movements
such as demi-plié (4), grand-plié (3), sauté and échappé
sauté (3), turnout of hips (3), elevé (2), grand-jeté (1)
battement fondu (1), ballonné (1), sissonne fondu (1),
arabesque (4), en dehors pirouette (5), brisé volé (1),
développé (3), grand battement (1), whole body rotation
(2), retiré passé (1), and rond de jambé (1). Ten stud-
ies only used force plates to analyze kinetics of ballet
movements such as grand-jeté (1), sauté (2), grand-plié
(1), retiré passé (1), elevé (2), attitude (1), assemblé (1),
and postural sway (3). Three studies only used inertial
sensors to analyze ballet movements such as grand-jeté
(1), upper limb ballet postures (1), postural sway (1),
and cou-de-pied with fondu (1).

Relationship Between Motor Behavior and Brain
Functional Analysis

Four studies were included regarding motor behavior
approach with brain functional analysis. Those stud-
ies were performed by the same group of researchers
[80, 82, 83, 87]. The authors have studied visual imagery
and spatial context in combination with a motor con-
trol approach in the pirouette ballet movement. Visual
imagery was assessed by the Vividness of Movement
Imagery Questionnaire (VMIQ), and the authors evolved
their research throughout the years, studying then the
right hemisphere in visual regulation of complex equilib-
rium, since their previous research showed the influences
of visual cues in the postural sway of ballet dancers.

Discussion

In order to increase the scientific knowledge associated
with the performance of ballet movements, the aim of
this systematic review was to describe the technologies
and devices used in data capture to analyze human per-
formance and motor behavior of ballet movements. This
review outlines the category of analyzed ballet move-
ments in combination with sensing technology.

Classical ballet has a large lexicon of specific move-
ments; consequently, this research field is still emerging.
We found that only 29 ballet movements have been ana-
lyzed regarding motor behavior approach, which means
that a baseline of data is being created in order to evolve
to more complex movements.

Regarding the category of dance, most of the selected
studies are in the classical ballet field [20-22, 24, 25, 28,
30-33, 35-41, 44-49, 51, 52, 54, 56—64, 66—69, 71, 74—
77, 79-87, 90-95], although contemporary and modern
dance became more popular recently [17, 19, 23, 26, 27,
29, 34, 42, 43, 50, 53, 55, 65, 70, 72, 73, 78, 88, 89, 96],
probably because those categories of dance are offered
in the curriculum of several colleges, since 22 out of 80
studies in this systematic review described participants
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as college dancers. Those participants were regarded as
pre-professionals.

While disparities in skill levels were recognized
between elite dancers and novices, mostly reporting that
elite dancers have more effective and refined strategies
regarding motor behavior and human performance (i.e.,
GFR, limb symmetry, muscle co-activation and so on),
it is important to reach consensus in what is considered
an elite dancer, as the definition of this category of danc-
ers was found to be arbitrary in the evaluated studies [20,
21, 31, 33, 36, 50, 56, 61, 64, 71-73, 80, 88, 94, 95]. Num-
ber of years of practice, hours of training per week and
professional career in ballet may be accurate factors to
consider a professional dancer as an elite dancer. In other
words, it is reasonable to think that elite dancers dis-
play higher performance in ballet movements than nov-
ices; however, it is important to establish a definition of
what may be considered to be an elite dancer. Nonethe-
less, most of the studies included in the present system-
atic review had pre-professional dancers as participants,
which allowed the understanding of movement pattern,
although not representing the supremacy of the elite bal-
lerina body. Study design in the published articles using
pre-professional dancers should be redone with elite
dancers as a follow up.

In effect, ballet research remains a field of interest in
universities, mainly in graduate programs, and we found
that only 28 out of 80 studies had some sort of funding or
grants [20, 24, 25, 27-29, 31, 32, 38, 41-43, 46, 48-50, 55,
59, 63-65, 73, 80, 82, 83, 87, 89, 96].

Kinematic and kinetic analyses have been the preva-
lent techniques, having motion capture systems and force
plates as the prevalent measurement tools, respectively.
Our results reveal a lack of consensus in the research
protocol regarding the experimental design, since sev-
eral studies arbitrarily selected the movements but did
not follow up with different tools to complement and
improve data reliability. Combining two or more meas-
urement tools may be paramount to optimize data collec-
tion and increase data reliability.

One limitation of the research studies so far is con-
cerning the elements involved in motor coordination
of ballet movements. For instance, only one study
has analyzed upper limb movements of classical bal-
let [51]. Despite accepting a higher relevance of the
lower limbs in the performance of ballet movements,
upper limbs may also have a significant contribution
to increase balance and movement fluidity, as we have
found that postural sway plays an important role in
motor behavior of ballet movements [28, 41, 44, 52, 80,
92-95]. Therefore, this gap could be suggested as an
issue for further research, regarding coordination and
the formation of motor synergies during the learning
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process and performance of ballet movements. For
instance, ballet movements directly involving the neck
and head, such as specific techniques to perform sev-
eral revolutions in pirouettes, have not been studied
yet. Variables such as movement speed, accuracy, and
precision can be measured through motor behavior
tools, also in conjunction with upper limb and postural
data collection.

Differences in sex regarding motor behavior are well
studied in the literature, and assumptions of sex dif-
ferences have also been made in ballet research. Only
4 out of 80 studies in this systematic review actually
made comparisons between males and females [21,
48, 52, 89]. This is a topic for future research regarding
motor behavior and human performance in ballet.

The involvement of neuroscience in dance research
has evolved in the past decade. Numerous studies com-
bined imagery techniques and technology such as MRI
and electroencephalography (EEG) [8, 97-99], as well
as the mirror neuron system [100, 101], in order to
understand the neurophysiology of ballet movements.
However, just a few of those studies aimed to analyze
brain—motor behavior connection, such as the studies
included in this systematic review [80, 82, 83, 87]. It is
of interest in ballet research to increase the knowledge
regarding muscle—brain connection to better under-
stand motor behavior and thresholds that distinguish
levels of expertise. Perhaps this is the next obvious area
of exploration.

The studies in this systematic review provide rich
knowledge about the kinematics and kinetics of ballet
movements. It is evident that researchers know more
about ballet today than they knew in previous decades.
Evidence has been built in ballet research regarding
knowledge about motor behavior in dance, possibly
allowing professional ballet companies and schools
to better design ballet trainings in order to optimize
human performance. Additionally, current findings in
ballet research provide scientists with knowledge to
pave the pathway for future and more complex data
collection involving motor coordination, synergies,
and brain activation. However, questions regarding the
threshold that distinguishes novices from elite danc-
ers remain unanswered. Although this review did not
aim to evaluate clinical applications of ballet move-
ments, the findings suggest that several ballet move-
ments may be elected as rehabilitation techniques for
protocol design. Conclusions in the literature are often
found as suggestions to elaborate and improve train-
ing in order to both enhance performance and prevent
injuries, as well as to, in some cases, perform specific
dance movements as protocols for physical rehabilita-
tion of non-dancers.
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Conclusion

This review highlighted the sensing technologies used
to collect data of ballet movements. The findings rep-
resent an overview of the interests in motor behavior
analysis regarding classical ballet movements. Studies
in this review varied greatly considering study design
and specific intervention characteristics. There is a
broad collection of studies reporting motor behavior of
several ballet movements with elite dancers, pre-pro-
fessionals, and novices, in classical ballet, modern and
contemporary dance. Technology is constantly evolv-
ing, and researchers are allowed to use modern tools
to answer old questions about the mystery between art
and sport that is present in classical ballet. The future
of ballet research is promising, and it is exciting to fore-
see the upcoming results of a motor behavior approach
to evaluate classical ballet.
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